Abstract eco-friendly and valuable commercial wollastonite based ceramics have been obtained from the most hazardous industrial and agrowastes (cement kiln dust and rice husk ash) by reactive crystallization-sintering. Different batch compositions from cement kiln dust (ckD) with varying amounts of rice husk ash (rHA) were wet mixed, dried, grounded and sieved. then, all batches were uniaxially pressed and fired at different temperatures (1100-1200°c). Phase composition, microstructure, densification parameters, and mechanical properties of the obtained fired specimens were investigated. the results showed that wollastonite based ceramics were synthesized successfully at 1100°c without addition of any mineralizers. on the other hand, a considerable saving in time and heat energy were realized when an amorphous rHA silica was used instead of its other crystalline varieties. this was related to the higher reactivity of the amorphous rHA silica and its high specific surface area. the presented work made possible not only to overcome the environmental pollution ensuing from the accumulation of these industrial and agrowastes but also, to valorize and find added value to these residues. conversion the latter into useful wollastonite-based ceramics with appropriate technology and environmental properties, allows the potential application in several fields. Hence, economic benefits will accrue to the producers and thus to the national economy.
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Introduction
While natural raw materials are becoming scarce and in some cases approach exhaustion, continuous industrial activity generates increasing quantities of wastes and by-products, of which disposal is subject to ever stricter environmental legislation [1] . The expansion in housing that relevant to world population growth in turn leads to the expansion in the cement industry. The total global cement production reached 3.7 billion tons in 2012 (according to the USGS mineral program report 2013) [2] . Depending on the alkalinity and the purity of the raw materials, about 0.17-10% of the produced clinker is bypass (CKD) [3] . This dust is generally grayish in color and consists predominately of silt-sized, non-plastic particles representing a mixture of partially calcined and unreacted raw feed, clinker dust and fuel ash enriched with alkali sulfates and halides and other volatiles [4] . Egypt produces annually about 48 million tons of clinker and according to the high alkalinity of Egyptian raw materials, the amount of CKD reaches ~10% of the clinker produced [3] . Thus, about 5 million tons of CKD is generated annually as a byproduct that can spread over a large area through wind and rain, becoming accumulated in plants, animals, and soils and consequently negatively affecting the environment and human health [5] . Many trials have been made for recycling CKD in various fields. However, the efforts that have been made to recycle/reuse the CKD are still very modest compared with the problem [6] . As a result, the accumulation of CKD in landfills became a progressively significant threat to the environment.
On the other hand, the worldwide production of rice paddy exceeded 730 million tons in 2012 (EG). This paddy consists of 72% rice, 5-8% of bran and 20-22% husk on average. Thus, 730 million tones of paddy will generate about 160 million tones of husk when grinding [7] [8] [9] . Husk, also called hulls, consists of the very hard outer shell covering the rice kernel to protect it during its growth [10] . It is the largest milling byproduct of the paddy. The husk contains about 75-85% organic volatile matter and ash around 15-25% by weight, depending on the plant variety, climatic conditions and geologic location [8] [9] . In Egypt, during May 2012 to April 2013, it is reported that the production of rice paddy amounted to about 6.4 million tons that in turn gives 1.4 million tons of the husk when grinding. The husk in Egypt and most rice producing countries, is either dumped as waste, causing damage to the land and the surrounding area in which it is dumped or burnt for heat generation in ambient atmosphere leaving a residue, called RHA [7] . This ash is mostly silica (87-97%) with small amounts of alkalies and other trace elements [9, 11] . The silica therein is originally present in an active hydrated amorphous opaline state in the cellulose structure of rice husk [12] . Depending on time, rate and temperature of combustion and type of furnace/kiln used as well as the impurities present in the ash, the silica either remains in an amorphous phase or is transformed into its various crystalline polymorphs [12] [13] [14] . Agrowastes (like RHA) are suitable materials for a wide range of industrial and research applications due to their low or zero cost, easy availability and their potential properties including higher active silica content, high porosity and low selfweight, very high specific surface area and extremely low thermal conductivity [7, 15] . Recently, many efforts have been made to valorize the value of silicon rich rice husk ash and utilize it for the manufacture of a variety of useful products [7, 9, 12, 14, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Despite having so many well established applications, little portion of rice husk produced is utilized in a meaningful way [10] . A large percentage of available husk is fired in boilers for raising steam for parboiling of paddy. Elsewhere it is piled up in heaps in open fields and periodically set on fire or simply dumped in nearby streams or used as cattle feeding.
Wollastonite (CaSiO 3 ) is a polymorphic substance and its three forms (woolastonite-1A, wollastonite-2M, and pseudowollastonite) can be found in nature [27] . Wollastonite has received much attention due to its potential properties such as acicular (needle-like) structure, high aspect ratio, high brightness and whiteness, low shrinkage, low loss on ignition (0.5-2%), low moisture and oil absorption properties, lack of volatile constituents, high pH, low thermal expansion, low thermal coefficient, non-toxicity, biocompatibility, and largely chemical inertness. It received wide range of applications in different fields such as traditional and advanced ceramics, automobile industry, metallurgy, paints, plastics and polymers.
Generally, natural wollastonite occurs in small amounts and is highly contaminated with other minerals such as diopside, calcite, dolomite, quartz, hedenbergite and granates [27] . Thus, in recent years, many efforts have been made to utilize different mineral resources along with most of industrial wastes for wollastonite synthesis by different methods [28] [29] [30] [31] [32] [33] [34] [35] [36] . Conversion CKD and RHA into useful wollastonite based ceramics with appropriate technology and environmental properties, allows their potential application in many industries. Economic benefits will accrue to the producers and thus to the national economy. Recently, Ewais et al prepared wollastonite and its composites successfully using CKD as calcia source and quartz sand as a silica source at 1150 °C (present research). This work targeted the replacement of quartz sand by the agrowastes (RHA) for economical and ecological demands. This work makes it possible not only to overcome the environmental pollution ensuing from the accumulation of these industrial and agrowastes, but also, to valorize and find value added to these residues.
Materials and Experimental procedures

Starting materials
The materials used in these investigations were (1) By-pass cement dust (CKD) provided by the national cement company, Helwan, Egypt. Representative samples of the dust were collected weekly for a period of 2 months and were blended to offer the raw dust. (2) Rice husk ash (RHA) produced by the uncontrolled combustion of RH (from the rice mills in Cairo, Egypt) in air using a laboratory-sintering machine at CMRDI in a manner similar to the production of energy using rice husk. Before designing the batches, mineral composition, chemical, thermal and particle size distribution analyses of these starting materials were made to specify the firing regime. The powder mixtures (dried at 100 °C for 24 hours in a controlled oven) were passed from standard screen of opening size of 36 µm, then were uniaxially die-pressed at 95 MPa to form cylindrical shaped specimens. The obtained specimens were dried, then sintered at 1150 °C, 1200 °C, and 1250 °C for 2 hrs. The heating rate was 5 °C/min. The mineral composition, densification parameters, microstructure, and mechanical properties of the obtained sintered specimens were investigated.
Testing and characterization
Particle size distribution and specific surface area of the starting materials were determined by a laser particle size analyzer Instrument (liquid mode) BT-2001 (China) and by an automated gas sorption system Quantachrome NOVA, (version 1.12, USA). In addition, chemical analyses of the starting materials were determined by Panalytical XRF (Model advanced Axios, Netherlands). Also, thermal analysis of the materials was carried out by TG-DSC NETZSCH STA 409 C/CD through which samples were heated in air from room temperature up to 1400 °C with a heating rate of 10 °C/min using α-Al 2 O 3 powder as standard reference.
Mineral compositions of the raw materials and fired batches were identified by an X-ray diffractometer, model: Brukur advanced D8 Kristalloflex (Ni-filtered Cu K α radiation; λ=1.544 Å).
The microstructure of the fired and polished speciemens was examined by backscattered electron (BSE) in the field emission scanning electron microscopy (FESEM QUANTAFEG 250) connected to an energy dispersive X-ray microanalyzer (EDX).
Densification parameters in terms of apparent porosity and bulk density of sintered materials were determined by Archimedes immersion technique in ethanol by vacuum pressure according to ASTM C 830-00, 2000. The changes in linear shrinkage values of all specimens were calculated using a caliper by determining their diameters before and after sintering.
Mechanical properties in terms of compressive strength and microhardness were determined. The compressive strength of the fired specimens was determined at a rate of 1.3 mm/ min by universal testing machine (Shimadzu, UH-F 1000 KN, Japan). Microhardness of the obtained specimens have been determined at room temperature, on the polished surface considering an average of five indentations for each specimen by using Vickers indentation method to load of 100 g for 15 s by Vickers microhardness testing machine (TTSUNLIMITED, HWDM-7, Japan). Vickers hardness was computed by Eq. (1):
Where p is the indentation load (N), d is the average length of the two diagonals of the indentation (mm). Hv is the Vickers hardness in units of (GPa).
Results and discussion
Starting raw materials
Both particle size distribution and specific surface area of the raw materials are given in Table 2 while Table 3 shows the chemical composition of both CKD and RHA. XRF of RHA indicates that it consists mainly of SiO 2 (79.84%) and K 2 O (5.09%) with small amounts of impurities in the form of calcium, aluminum, magnesium, sodium, and iron oxides along with 1.16% SO 3 and 1.63% Cl. The XRD pattern of RHA revealed that; no peaks can be observed except those for sylvite (KCl, JCPDS# 73-0380) at d-spaces 3.14 and 2.22 Fig. 1a . The halo at 2θ = o is peculiar XRD characteristic of amorphous SiO 2 with silanol (Si-OH) groups [37] . Regarding the thermal behavior, TG and DSC curves (Fig. 2a) Show an endothermal event centered around 90 °C due to the removal of physically bound water (i.e. moisture) in the ash. In particular the weight loss associated with this reaction is about 4 m%.
The major mass loss of ~ 20%, exhibited over the temperature range of 283 °C and 600 °C, is attributed to the release of organic volatile matters and burning of combustible material (fixed carbon) present in the ash. The volatiles in the presence of oxygen undergo flamed combustion giving rise to the broad exothermic peak in DSC centered around 450 °C. The inappreciable gradual weight loss that is observed above 600 °C in the TG is ascribed to the further oxidation of carbon in the residual intermediate to form other volatile species. Also, due to the moisture release during conversion of silanol (Si-OH) group into siloxane (Si-O-Si) group in cristobalite [7] . The DSC records exhibit an exothermic reaction during the course of thermal decomposition and an endothermic peak during the removal of moisture.
CKD is a potential source of oxides. XRF of CKD showed that CaO (45.06%) is the most abundant component. Also, it contains a significant quantity of SiO 2 (7.58%) as well as other oxides such as Na 2 4 , spurrite and sulphospurrite in the kiln is complicated; however, the following reactions and events are possible. During the clinker manufacture, the alkalis are liberated from the clay mineral lattice. They partly dissociate into the gas phase and recombine directly with chlorine or sulfur present in the charge material according to the affinities order [38] . Firstly, the chlorides are liberated during heating of the material and combustion of the fuel, combine with the alkalis forming KCl and NaCl [38] . Sometimes, chlorides are introduced as NaCl or KCl from sea water [38] . According to the priority, the remaining alkalis should react with the produced SO 3 from the oxidation of sulfur in the raw materials and the fuels burned in the kiln, forming Alk 2 SO 4 . However, in this case all alkalis react with the chlorides. Thus, the formed SO 3 reacts with lime or CaCO 3 forming CaSO 4 [39] [40] , Eq. (2). In clinkering zone, beyond 1300 °C, the formed CaSO 4 melts and re-decomposes giving SO 2 [40] , Eq. (3). The formed elements (NaCl, KCl, SO 2 ) volatilize in the hot zones of the kiln and condensate at the colder areas [38] . These circulating elements form eutectic melts, which have much lower melting temperatures than the single compounds >)700 °C) [38] . All these melts, when present in sufficient quantity, generate severe encrustations and build-up formation in the preheater and the kiln inlet area [38] . These deposit buildups can lead to blocks that need to be removed, sometimes by a temporary plant shutdown [40] . Spurrite and sulphospurrite are the principal constituents of deposit buildups found in rotary kilns and kiln riser ducts. Spurrite is intensively formed in a small range of temperatures (885-912 °C), due to the accumulation of eutectic chloride melts, either: (1) by direct reaction of CaCO 3 and silica, or (2) by the reaction of CaO, Ca 2 SiO 4 and gaseous CO 2 [41] . In addition, Increasing amounts of circulating SO 2 in the cement kiln system, promotes the formation of sulphospurrite (2C 2 S. CaSO 4 ) at the same temperature range for spurrite formation [40] .
(2) (3)
As can be seen from TG-DSC curves of CKD (Fig. 2) , the weight loss variations over the heating range from the room temperature up to 1400 °C was 40 3.22%) from ambient temperature to approximately 310 °C was due to the evaporation of free and physically adsorbed water as indicated by the endothermic peak centered around 93 °C in DSC curve. The second mass loss (4.25%) from 310 °C up to approximately 500 °C, can be attributed to the dehydroxylation of portlandite (Ca(OH) 2 ) [42] . This loss is accompanied by an endothermic peak centered around 386 °C in DSC curve. The further mass loss (15.24%) recorded over the temperature range of 500 °C to 764 °C was accompanied by two endothermic peaks at ~604 °C and ~714 °C. The first endothermic peak is due to the loss of CO 2 during decomposition of amorphous CaCO 3 or carbonates with finer crystalline structure and the second is attributed to the loss of CO 2 during decomposition of more crystalline CaCO 3 [42] [43] . Moreover, the weight loss (12.87%) recorded in the temperature range (764 to 1200 °C) is ascribed to the dissociation of spurrite phase and sublimation of alkaline chlorides from a raw mixture. This loss is accompanied by a broad endothermic peak centered at 982 °C in DSC curve. This is compatible with published data; (1) Dissociation of spurrite occurs at a higher temperature than the CaCO 3 itself, inasmuch as the greater thermal stability of spurrite than CaCO 3 due to the substitution of the dissociable groups into the stable lattice in spurrite [39] . (2) The sublimation of alkaline chlorides begins after the thermal decomposition of calcium carbonate and finishes at 1200 °C [44] [45] . With regard to the endothermic peak recorded around 1277 °C, it may be ascribed to the decomposition of both anhydrite (CaSO 4 ) [38, 40] and sulphospurrite phase [39] . The latter two decompositions are accompanied by a mass loss of 4.47% in the temperature range (1200 °C to 1380 °C) [46] . As for the last endothermic peak centered at 1371 °C in the DSC curve, it is attributed to the partial melting of the sample [47] . All thermal events occurring during thermal treatment of CKD is summarized in Table 4 .
Phase composition of the fired batches
Figs. 3, 4 and 5 show the powder XRD patterns of the fired specimens A 30 to A 55 in the temperature range 1100 °C to 1200 °C with 50 °C intervals. The results showed that, the crystalline phases present in these fired specimens are wollastonite-2M, cyclowollastonite, cristobalite and akermanite. At 1100 °C, the specimen A 30 was found to contain wollastonite-2M with minor amounts of akermanite phase. On the further addition of RHA up to 40 m% in the compositions, wollastonite-2M was recorded without any other phases. Then, cristobalite appeared along with wollastonite-2M, upon addition of< 40 m% RHA in the compositions. At 1150 °C, the same situation was recorded except that the cristobalite phase is detected only in A 55 rather than its detection in A 45 , A 50 and A 55 specimens at 1200 °C. At 1200 °C, the specimen A 30 was found to contain mainly the high temperature polymorph (cyclowollastonite) along with minor amounts of akermanite phase. However, in the remaining specimens A 35 -A 55 , the low temperature polymorph (wollastonite-2M) was detected as a sole phase except for the specimens A 35 and A 55 . Minor amounts of other phases were detected in these two specimens, cyclowollastonite in A 35 and cristobalite in A 55 , along with the major wollastonite-2M phase. The results obtained from the XRD patterns are summarized in Table 5 . There are some phenomena could be deduced from the XRD patterns. The first phenomenon is the separation of the cristobalite phase in specimens containing high RHA content, whatever is the temperature. This is logic where at higher RHA addition, the excess stoichiometrically amount of RHAS is supposed to be dissolved in the liquid saturating it in silica. Thereafter, the remaining RHAS after complete saturation of liquid in silica was crystallized into cristobalite. From the above findings, it is clear that the transformation sequence of RHAS supports the view of Flörke [48] . According to Flörke, the silica can be transformed into cristobalite without the intermediate stage of tridymite depending on the degree of purity of starting materials. In addition, the presence of tridymite is governed by the kind and amount of impurities. The second phenomenon is the appearance of the high temperature polymorph phase (cyclowollastonite) only in the specimens sintered at 1200 °C (A 30 ) that can react with the hexagonal network of silica and destroy it. Hence, addition of basic oxides decreases the viscosity of the silica liquid phase by breaking its hexagonal network [49] [50] . Also, it is well known that the viscosity of the liquid phase formed during firing decreases largely with the increase of firing temperature. Based on the aforementioned, the higher the alkali oxide content and the lower the silica content in these two specimens at higher temperature (1200 °C), the lower the viscosity of the liquid phase formed during firing of these two specimens. The existence of liquid phase of lower viscosity during firing, enhances the reaction kinetics and increases the chemical communication between the reacting phases [51] . This accelerates the diffusion of all the coexisting ions leading on heating and/or cooling to cyclowollastonite crystallization. In addition, the increase of silica content for A 40 -A 55 specimens at the expense of CKD leads to the decrease of the alkali amount in the compositions and this in turns leads to the increase of the viscosity of the liquid phase which hinders the diffusion of the coexisting ions during heating and/or cooling. As a result, cyclowollastonite crystallization is prevented. Therefore, the key factor that controls the formation of the cyclowollastonite is the viscosity of the formed liquid that depends on both temperature and mount of alkalis in CKD. Thus, at 1200 °C, the appearance of cyclowollastonite at lower silica content specimen A 30 is very easy from the presence of high alkali amount and the high temperature of firing. The third phenomenon is the appearance of akermanite phase only in the specimen A 30 whatever the firing temperature. In nature, akermanite occurs up to 1300 °C in the silica-undersaturated igneous rocks. Claude et al [52] also showed that, when a mixture of chalk and silica is fired at 1150 °C, pseudowollastonite is formed together with approximately 15% by weight akermanite relative to the total product obtained, depending on the impurities present. In addition, ElBatal et al [53] detected previously akermanite in the fired mixture of slag and CKD. Based on this, the accompaniment of wollastonite by akermanite phase in the fired CKD-Qtz mixtures at (1100 °C to 1200 °C), is logic. With regard to, the appearance of akermanite only in the specimen A 30 and the disappearance of its X-Ray lines completely from the specimen A 35 , upon addition of 5 m% silica at the expense of the dust can be explained in terms of the ratio (Na+K+Mg+Ca/Al+Si) ( Table 1) . Akermanite (one member of the melilite group) is a loosely-defined mineral deficient in silica [54] . It crystallizes from silica and alumina poor, alkalirich compositions at 700 °C [55] . Among the elements (Na, K, Ca, Mg), Na is the most important element, if not the sole influence on akermanite crystallization [55] . According to (Na+K+Mg+Ca/Al+Si) ratio, the specimen A 30 is depleted in silica and alkali-rich while in contrast the specimens A 35 -A 55 are silica-rich and alkali-poor. Therefore, akermanite is formed in A 30 due to the silica deficiency and alkali-richness of this specimen. Furthermore, the disappearance of the X-ray lines for akermanite, in the specimen A 35 is accompanied by the increase of wollastonite. This suggests that, in the presence of excessive silica in oxidative conditions, wollastonite may form at the expense of metastable phase akermanite by its reaction with the excessive silica at higher silica content specimens through the following reversible reaction [41, 56] :
melilite + silica + oxygen wollastonite + amorphous substances This assumption is supported by the increase of the amount of glassy phase, which can be seen in FE-SEM Figs. 6, 7 and 8. Also, the drastic increase of shrinkage (Fig. 9) observed in the temperature range 1100-1200 °C reveal the progressive formation of a melt. This is not unexpected, since the starting material (CKD) is rich in fluxing agents [57] .
Microstructure of the fired batches
The backscattered FE-SEM photomicrographs of the polished surfaces of all specimens containing various CKD and RHA compositions and fired at 1100 °C, 1150 °C and 1200 °C, were shown in Figs. 6, 7 and 8 , respectively. The general overview for all micrographs confirms the large reduction in both pore size and total porosity with the increase of firing temperature and RHA content, this is congruent with the densification behavior (section 3.4). This can be explained in terms of the enhancing in sinterability that results from the formation of more liquid phase with the increase of the two factors [13, 58] . The enhancement in liquid facilitates the grain boundaries to contact on the expense of the entire porosity leading to pore closing and elimination. After complete vitrification of the specimen A 50 (at 1150 °C) and A 45 (1200 °C), the higher addition of RHA to these vitrified specimens led to the formation of large pores in the subsequent specimens A 55 (at 1150 °C) and A 50 to A 55 (1200 °C). The reappearance of pores in such specimens can be attributed to the increase of silica content in these specimens that leads to: (1) increasing the viscosity and blocking the viscous flow by formation of silica clusters through the interlocking of SiO 4 tetrahedra [50] , assuming that they pack together in an irregular way giving increasingly porous microstructure. The increase of the concentration of these clusters in the glass increases with SiO 2 content. (2) The formation of more glassy phase through which some gases can migrate into the matrix creating closed pores and bloating the specimen. Not only the pore size and total porosity are highly affected by increasing both temperature and RHA amounts, but also the pore shape is highly influenced by increasing both the two factors. As shown in micrographs, the shape of the voids in the fired specimens takes one of the following three shapes: (1) Voids are highly connected to each other, forming 45 (at 1200 °C). With regard to the size and shape of the formed crystals, the SEM-EDX results showed that the fired specimens at 1100 °C and 1150 °C displayed a sparse granules of wollastonite-2M of a size 0.5-12 µm, imbedded in glassy phase and distributed in a highly porous texture that is similar to the structure of bacterial colonies in a nutrient medium. The fired specimens at 1200 °C, displayed a compact flat surface of wollastonite crystals, embedded in a glassy matrix. Minor amounts of bright grains were observed along with the wollastonite in the specimen A 30 through the investigated temperature range (1100-1200 °C). EDX of these bright spots in Figs. 6, 7 and 8 showed that they consist mainly of Ca, Si with smaller amounts of Mg, Al, and Fe. The presence of Ca, Si as major peaks and a lesser amount of Mg suggests the presence of akermanite. These results confirm the result obtained from XRD [59] . Also, cristobalite grains sub-rounded by worm-like wollastonite-2M were seen in the fired specimens A 45 , A 50 and A 55 (at 1100 °C), and A 55 (at 1150 °C and 1200 °C). Hence, it is evident that in all the micrographs, the major phase present was the wollastonite, apart from other minor amounts of akermanite, cristobalite and glassy phases.
Densification parameters
Densification parameters -in terms of diagonal shrinkage, bulk density, and apparent porosity -of all specimens having various compositions A 30 -A 55 have been investigated as a function of temperature (1100-1200 °C). Fig. 9 demonstrates that the diagonal shrinkage of the fired specimens gradually increases with the increase in the addition of RHA in the compositions as well as with the increase of the firing temperature. However, an anomaly was observed, that is, the decrease in the shrinkage at addition higher than 50 m% RHA (at 1150 °C) and 45 m% (at 1200 °C). On the other hand, the bulk density increases and porosity decreases with the increase in firing temperature and RHA content, except for the specimens A 55 (at 1150 °C) and A 50 to A 55 (at 1200 °C); therein the bulk density decreases and porosity slightly increases, similarly to the shrinkage behavior (see Fig. 10 ). There are two conflicting approaches controlling the densification behavior. The first one is the decomposition and volatilization process occurring in the raw feed CKD and RHA during firing. This approach is accompanied by significant weight loss (see TG-DSC in Fig. 2 ) and contributes to the formation of more pores while the other one is the compact sinterability. The reduction in total porosity with the increase in any of the studied parameters suggests that the latter approach is more pronounced and significant [26] . The significant increase in shrinkage and bulk density (rapid densification) occurring upon the increase in RHA content in the compositions can be explained by the higher sinterability of the finer RHA particles [13] nature that is responsible for the high response of specimens to heat shrinkage [9] . Furthermore, it has been reported that the amount of liquid phase that governs the degree of densification varies with the nature of additives and its amount [60] . In this context, it was found that the addition of more amorphous rice husk ash (RHA) leads to the formation of more viscous glass flow that precipitates in the voids present through the whole specimen, which results in increasing its sinterability (see Figs. 6, 7 and 8) . On the other hand, the high content of CaO in CKD (see Table 3 ) tends to increase the binary eutectic temperature of the mixture; it prefers to react with other ingredients in the mixure, forming new ceramic phases rather than entering into glassy phase. As a consequence, the specimens containing higher contents of CKD showed higher porosity and lower mass density as well as diagonal shrinkage than those containing lower CKD contents [61] . In addition, the increase in the sintering temperature leads to formation of more liquid phase of lower viscosity that in turns leads to the increase of the sinterability [13] . The enhancement in sinterability facilitates the grain boundaries to contact on the expense of the entire porosity leading to pore closing and elimination [26] . However, what happened on decreasing the densification of the specimens at a higher addition of RHA at 1150 °C and 1200 °C indicated that the third effective parameter vigorously contributes to the sinterability. This parameter is expected to be the silica phase transformation that is noticed during XRD analysis of the fired specimens Figs. 4 and 5. These figures indicate that the excessive unreacted amorphous RHA in the anomalous samples is transformed into crystalline cristobalite that affects negatively the densification; crystalline phase has considerably higher viscosity than amorphous phase [13] . This can be explained to some extent by the decrease in the bulk density and the diagonal shrinkage in the specimens. Also, it has been found that the porosity of the specimens A 55 (at 1150 °C) and A 45 (at 1200 °C), dropped to zero and their bulk density attained maximum, 2.46 g/cm 3 and 2.45 g/cm 3 , respectively. The increase in the addition of RHA in the compositions of such vitrified specimens leads to the formation of more glassy phase and in turns some gases can migrate through the matrix creating closed pores and bloating of the specimen. As a result, their bulk density and shrinkage decrease whilst their porosity increases. Fig. 11 shows the compressive strength for all the specimens containing various compositions A 30 to A 55 fired in the temperature range 1100-1200 °C. The results show that the compressive strength increases with the increase in the firing temperature and RHA content. This is congruent with the bulk density and apparent porosity results. At 1150 °C and 1200 °C, the specimen A 45 showed the maximum strength, 177 MPa (at 1150 °C) and 353 MPa (at 1200 °C), then, the strength decreased upon the further addition of RHA in this specimen till reaching 74 MPa (at 1150 °C) and 182 MPa (at 1200 °C) for the specimen A 55 . The increase in the strength with the sintering temperature and the RHA content can be understood in view of increase of bulk density and decrease of porosity ensuing from sintering phenomena [62] through which particle rearrangement and liquid diffusion to pores takes place. This liquid cements the well developed crystals giving a good compaction and higher compressive strength [63] . The amount of liquid should be such that it just acts as bond between the grains [60] . Too much formation of glassy phase in A 50 and A 55 specimens fired above 1100 °C and migration of gases therein caused internal stress and led to lowering their densification and increasing their brittleness and in turns their compressive strength is decreased [9, 63] . 
Mechanical tests
Compressive strength
Vickers micro-hardness
Vickers micro-hardness were found to increase with the increase of the firing temperature and the RHA content (see Fig. 12 ). This can be attributed to the surface vitrification and the formation of well-developed wollastonite crystals (Hv~ 4.1-5.24 GPa) as well as the increase of density and decrease of porosity relevant to the sintering process. However, there was an anomaly, that is the fall in the hardness of the specimens containing RHA more than 50 m% (at 1150 °C) and 45 m% (at 1200 °C), despite the formation of cristobalite that has higher hardness ~ 9.62 GPa in such specimens. This can be explained in terms of the surface softening [37] of such specimens due to formation of glassy phase vigorously, more than necessary, and migration of gases therein results in lowering their densification and in turns their surface hardness is decreased. Accordingly, the specimens A 50 (at 1150 °C) and A 45 (at 1200 °C) showed the maximum surface hardness 4.18 GPa and 4.4 GPa, respectively.
Concluding remarks
1. Valuable and commercial wollastonite-based ceramics have been successfully synthesized from the most dangerous industrial and agricultural wastes (CKD and RHA) through reactive crystallization sintering at lower temperature (1100-1200 °C) compared to their synthesis from the pure constituents (>1400 °C).
2. No mineralizers have been added to CKD-RHA mixes, where the impurities present in CKD and RHA acted as sinter-improving oxides that formed glassy phase and induced the early vitrification of such mixes.
3. Utilization of the amorphous active RHA in place of crystalline quartz sand resulted in: a) A reduction in the sintering temperature of the mixes of about 50 °C to 100 °C and this in turn gives rise to a considerable saving in time and heat energy leading to a significant economical production of wollastonite.
b) The increase in the strength of the fired specimens due to the increase of the amount of glassy phase in case of RHA addition. This glassy phase cements the well-developed crystals giving a good compaction and higher resistance to compression.
4. The measured densification and mechanical properties of the fired specimens was found to increase with the increase in firing temperature and RHA content. However, there was an anomaly that is the fall in these properties at higher addition of RHA (50-55 m%) at 1150 °C-1200 °C. This was attributed to the formation of more glassy phase over the limit and migration of gases through this liquid creating closed pores and bloating of the specimen result in lowering their densification and mechanical properties. 
